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summary /SS56 
Measurements of atmospheric turbulence obtained 

from a i rp lane  f l i g h t s  through cumulus clouds and 
thunderstorms are  reviewed. Time h i s t o r i e s  of the 
v e r t i c a l  and l a t e r a l  components of t r u e  gust veloc- 
i t i e s  a r e  considered i n  order t o  ind ica te  the  i r reg-  
u l a r  nature of t he  ve loc i ty  f luc tua t ions  f o r  a l a rge  
range of wavelengths. 
root-mean-square gust ve loc i t i e s  a re  used t o  compare 
the  turbulence i n t e n s i t i e s  of several  meteorological 
conditions and the  var ia t ion  within a given storm. 
F l igh t  measurements of the  a i rp lane  motions and d is -  
placements a re  evaluated t o  show t h e  a l t i t u d e  devia- 
t ions,  t he  v e r t i c a l  accelerations,  and the  a t t i t u d e  
var ia t ions  during t raverses  of severe storms. 

Spectra of turbulence and 

Introduction 

The occurrence of severe storms along the  a i r -  
ways cons t i tu tes  one of t he  important conditions 
t h a t  must be contended with i n  air t r a f f i c  control.  
The conventional t r a f f i c  control problems such as 
those r e l a t ing  t o  airplane separation enroute, t o  
holding and t o  approach procedures a re  in t ens i f i ed  
by the  occurrence of severe storms. 
problems such as p i lo t ing  d i f f i c u l t i e s ,  passenger 
d i s t r e s s ,  and airplane s t a b i l i t y  and s t r u c t u r a l  
loading considerations a l s o  a r i s e  because of the  
severe f l i g h t  conditions encountered. Such f l i g h t  
conditions include poor v i s i b i l i t y ,  icing, rain, 
ha i l ,  and turbulence. 

Closely a l l i e d  

Studies of t h e  f l i g h t  conditions and solutions 
of t h e  t r a f f i c  cont ro l  problems caused by these 
f l i g h t  conditions have been under way f o r  a number 
of years. The NASA has been pa r t i cu la r ly  ac t ive  i n  
turbulence aspects of t he  problem because of i t s  
importance t o  the  s t r u c t u r a l  design problem of a i r -  
planes as w e l l  as t r a f f i c  control problems. The 
purpose of t h i s  paper i s  t o  review some of t h e  
recent atmospheric turbulence measurements and air- 
plane response measurements obtained generally i n  
thunderstorms at approximately 40,000 f e e t  a l t i t ude .  

This review w i l l  consist  of t h e  description of 
t h e  airflow i n  the  clouds, the  spec t r a l  description 
of t h e  atmospheric turbulence, and an indication of 
t h e  response of t h e  airplanes t o  t h e  turbulence. 
The response of t h e  a i rp lane  i s  of concern t o  a l l  
personnel connected with the  f l i g h t ,  such as the  
air t r a f f i c  cont ro l le r ,  t h e  crew, passengers, e tc .  
The se lec ted  responses t o  be presented a re  t h e  alti- 
tude deviations which a re  of spec ia l  i n t e r e s t  t o  
t h e  t r a f f i c  con t ro l l e r  i n  maintaining proper air- 
c r a f t  separation; t h e  center-of-gravity accelera- 
t ions ,  which give an ind ica t ion  of s t r u c t u r a l  loads 
and passenger d i s t r e s s ;  and the  a t t i t udes ,  pitch, 
yaw, and roll, which give an ind ica t ion  of t h e  p i l o t  
cont ro l  problem. 

Airplane F l ights  i n  Atmospheric Turbulence 
and Evaluation of Data 

An F-86 j e t  a i rp lane  w a s  used t o  measure tu r -  
bulence i n  cumulus clouds a t  a l t i t u d e s  of about 
15,000 f e e t  near Langley Air Force Base, Virginia. 
Other j e t  airplanes were used t o  obtain measurements 
i n  the severe turbulence i n  thunderstorms t o  a l t i -  
tudes of 40,000 f e e t  over the  southwest United 
States.  The l a t t e r  measurements were made during 
f l i g h t  operations of t he  Weather Bureau National 
Severe Storms Project by a i r c r a f t  instrumented by 
the  NASA and operated by the  Air Force. 
airplane w a s  used i n  the  spring of 1960. An F-106 
airplane was flown at high subsonic and low super- 
sonic speeds through storms i n  t h e  spring of 1961. 
The f l i g h t s  were made under the  control of an FM 
controller by use of radar equipment. 

During the  pas t  decade, i n t e r e s t  has attached 
i t s e l f  t o  the  description of atmospheric turbulence 
as a continuous ( r a the r  than d i sc re t e )  process and 
t o  the use of spectra i n  the  analysis of gust veloc- 
i t i e s  and dynamic response of a i r c r a f t  ( r e f .  1). 
I n  the evaluation of the  turbulence, t he  time 
h is tory  of t he  v e r t i c a l  component of gust velocity 
i s  obtained from f l i g h t  measurements of l oca l  angle 
of attack by means of a flow vane o r  d i f f e r e n t i a l  
pressure probe on a boom ahead of t he  airplane with 
due account taken f o r  airplane motion. The time 
h is tory  i s  anaiyzed t o  determine the autocorrela- 
t i o n  function and the  power spectrum by numerical 
techniques ( r e f s .  1 t o  J )  involving some 2,000 
readings per record (100 seconds). The airplane 
responses presented i n  t h i s  paper, a r e  evaluations 
from the  time h i s t o r i e s  of the  a i rp lane  motions t o  
give the  proportion of time t h a t  a given value i s  
exceeded. 

A T-33 

Time His tor ies  of Gust Components 

The nature of the  turbulent flow within a cloud 
may be indicated by examining some time h i s t o r i e s  of 
the v e r t i c a l  and l a t e r a l  components of the turbu- 
lence and by considering the  s t a t i s t i c a l  parameters 
of the  turbulence. Some time h i s t o r i e s  w i l l  be con- 
sidered f i r s t .  

The time h i s t o r i e s  of two components of the  
true gust ve loc i t i e s  f o r  a t raverse  through a storm 
at 39,000 f e e t  a l t i t u d e  are given i n  f igure  1. The 
ve r t i ca l  components are shown i n  t h e  upper t r a c e  and 
the horizontal  components i n  the  lower t r ace .  For 
the v e r t i c a l  components a pos i t ive  gust i s  up, and 
the pos i t ive  l a t e r a l  component i s  airflow toward the  
right of t he  airplane.  I n  each case the  ve loc i t i e s  
are p lo t ted  against  time and distance.  The time of 
cloud entry and cloud ex i t  i s  indicated i n  the  f i g -  
ure. 
cal component begins and ends at approximately 
-20 f e e t  per second and the  l a t e r a l  component 
appears t o  have a l i n e a r  t rend  from -70 f p s  t o  

It is  noted t h a t  t he  time h is tory  of ve r t i -  



+10 fps.  Neither of these beginning and end points  
may be r e a l  since such fac tors  as gyro d r i f t  and t h e  
i n a b i l i t y  t o  es tabl ish i n i t i a l  and f i n a l  conditions 
prohibi t  t h e  exact locat ion of t h e  zero value and 
the  elimination of very low-frequency t rends.  The 
numerical values cannot be taken, therefore,  as 
absdlute values, although i n  t h i s  paper t h e  values 
p lo t ted  w i l l  be quoted. 

The s imi la r i ty  of t h e  two components i n  f i g -  
ure 1 i s  rather  impressive, especial ly  at 50 seconds 
where la rge  changes i n  t h e  ve loc i t ies  occur i n  both 
the  l a t e r a l  and v e r t i c a l  components. This i s  the  
only case i n  the measurements made during the  proj-  
e c t  i n  which such severe and sharp d iscont inui t ies  
occurred i n  both v e r t i c a l  and l a t e r a l  Components. 
Under such conditions, l a rge  airplane accelerations 
o r  motions might be expected; a change of 2.5g w a s  
experienced i n  t h i s  instance with an accompanying 
change of 20 fps i n  t h e  airplane v e r t i c a l  veloci ty .  

The charac te r i s t ic  of t h e  flow of major in te r -  
est i s  t h e  i r regular  nature of t h e  veloci ty  f luctua-  
t ions .  In the  t raverse  shown i n  f igure  1, t h e  
wavelengths vary from large-scale  disturbances of 
two miles o r  more i n  extent t o  short  wavelengths of 
possibly 100 fee t .  
ent v e r t i c a l  motions appeared t o  e x i s t  within the  
storm, downward ve loc i t ies  near the  edges of t h e  
cloud and large upward v e l o c i t i e s  near t h e  center.  
Superimposed on these large-scale  motions were short  
wavelength gust ve loc i t ies .  The airplane response 
thus consis ts  of a random sequence of sharp accel- 
erat ions and longe r  period displacements. It a l so  
appears, since t h e  l a t e r a l  components were large,  
t h a t  s ignif icant  horizontal  as wel l  as v e r t i c a l  
ve loc i t ies  were present within the  storm. 

Large-scale and perhaps pers i s t -  

Time h i s tor ies  of the  flow i n  t h e  storms 
actual ly  exhibit  a var ie ty  of charac te r i s t ics .  The 
flow apparently changes dras t ica l ly ,  probably both 
i n  d i rec t ion  and veloci ty  Srom development t o  decay 
and possibly from storm t o  storm. 
time h i s t o r i e s  i n  portions of th ree  addi t ional  
clouds a re  given. The f irst  time h is tory  
( f i g .  2 ( a ) )  was taken from t h e  midportion of a 
cloud t raverse  and shows l a r g e  upward and downward 
ve loc i t ies  i n  the  center of a cloud over a dis tance 
of approximately 5 miles. The lateral component 
shows similar charac te r i s t ics .  The second time 
h is tory  ( f i g .  2 ( b ) )  shows r e l a t i v e l y  l i g h t  turbu- 
lence i n  t h e  center of a t raverse  with no large- 
scale  motions being present.  The t h i r d  t i m e  h i s tory  
( f ig .  2 (c) )  shows an  extremely l a r g e  upward veloci ty  

of perhaps 200 fps  with a width of 2- miles. F a i r l y  

low-intensity downward v e l o c i t i e s  occurred on each 
s ide of t h e  large up-current. The l a t e r a l  component 
shows large-scale currents of lower ve loc i t ies .  The 
random type of short  wavelength turbulence imposes 
large loads on t h e  airplane while t h e  longer wave- 
length disturbances may produce smaller loads but 
la rge  displacements of t h e  a i r c r a f t .  A t  t h e  time 
of t h e  posi t ive gust ve loc i ty  of 200 fps,  t h e  air- 
plane was i n  a pitched-down a t t i t u d e  of 130 and had 
an upward ver t ica l  veloci ty  of 83 fps .  The v e r t i c a l  
accelerat ion of t h e  ai rplane at t h i s  instant ,  how- 

ever, w a s  only 18 fps2. Incidental ly ,  severe h a i l  
was encountered within the  t h i r d  s t o m ,  leading t o  
l o s s  of t h e  s ides l ip  vane, as noted i n  f igure  2(c) ,  
and t o  signif icant  h a i l  damage on t h e  ai rplane.  

I n  f igure  2, 

1 
2 

It would appear from t h e  preceding discussion 
t h a t  t h e  in te rna l  s t ruc ture  of thunderstorms may be 

i r regular  and strongly c e l l u l a r  ( f i g s .  2( a)  and 
2 ( c ) ) ,  or r e l a t i v e l y  weak with no c e l l u l a r  develop- 
ment ( f i g .  P(b)) .  Under these conditions, t h e  type 
and locat ion of turbulence within the  v i s i b l e  
reaches of t h e  clouds would probably be impossible 
t o  predict  by t h e  p i l o t  entering t h e  cloud. A s s i s t -  
ance i n  avoiding regions of severe turbulence as a 
p a r t  of  t r a f f i c  control  would of necessi ty  come 
from survei l lance radar.  

Spectral  Representation of Turbulence 

The i n t e n s i t y  of t h e  turbulence f o r  a given 
t raverse  or patch of turbulence may be described 
through power-spectral representation. The spectra  
of turbulence f o r  average c lear -a i r  turbulence con- 
di t ions,  turbulence i n  cumulus clouds, and turbu- 
lence i n  severe storms are  shown i n  f igure  3 .  The 
power @(Q) i s  p lo t ted  against  reduced frequency 
i n  radians per foot  and wavelength A i n  f e e t .  A 
logarithmic sca le  i s  used i n  each case. The l e a s t  
severe turbulence i s  shown by t h e  lower curve and 
the  most severe turbulence appears as the  upper 
curve. The square roots  of t h e  areas  under these 
spec t ra  a r e  t h e  root-mean-square (rms) gust veloc- 
i t i e s ,  a measure of t h e  turbulence in tens i ty .  

The rms values vary considerably f o r  d i f f e r e n t  
t raverses  through a given type of turbulence.  The 
rms gust ve loc i t ies  f o r  t h e  spectra  i n  f igure  3 a r e  
3.48, 6.14, and 13.77 fps  f o r  t h e  samples of c lear  
air, cumulus cloud, and thunderstorm turbulence, 
respect ively.  The rms gust ve loc i t ies  f o r  t raverses  
through thunderstorms varied from 6.14 t o  16.02 fps .  
The rms gust  v e l o c i t i e s  f o r  nine t raverses  through 
cumulus clouds var ied from 3.4 t o  9.2 fps .  
values of rms gust  veloci ty  c i ted  f o r  thunderstorms 
apply t o  a l t i t u d e s  from approximately 20,000 Yeet 
t o  40,000 f e e t .  
t o  a l t i t u d e s  between 10,000 and 20,000 fee t ,  while 
the  value f o r  c l e a r  air  i s  f o r  an a l t i t u d e  
below 5,000 f e e t .  

The 

The values f o r  cumulus clouds apply 

It m i g h t  be noted from f igure  3 t h a t  t h e  
spec t ra  a l l  cover a range of wavelengths from about 
3,600 f e e t  t o  60 fee t ,  o r  1/6 t o  10 cps. 
f l i g h t s  m a d e  at supersonic speeds have extended a 
few spec t ra  t o  wavelengths of approximately 
14,000 f e e t  and ind ica te  t h a t  these spec t ra  f o r  
thunderstorm turbulence continue as an approximate 
straight l i n e  on t h e  logarithmic sca les  t o  t h e  
longer (14,000 f e e t )  wavelengths. 
wavelengths t o  which t h e  supersonic t ranspor t  w i l l  
respond. 

some 

These a r e  t h e  

These d a t a  have indicated t h a t  t h e  spec t ra  a r e  
of t h e  same shape f o r  t h e  d i f fe ren t  weather condi- 
t ions,  t h e  power decreases proport ional ly  t o  
(frequency)-5/3 f o r  t h e  higher frequencies, and f o r  
t h e  thunderstorm turbulence t h e  sca le  of turbulence 
i s  of t h e  order  of severa l  thousand f e e t  (3,000 t o  
possibly 5,000 fee t ) .  

Variation Within Clouds 

Although it w a s  intended t h a t  several  t raverses  
be m a d e  through a cloud on i d e n t i c a l  t racks  at  a 
given a l t i t u d e  or displaced v e r t i c a l l y  from a given 
t r a c k  f o r  an a l t i t u d e  survey, it was not possible  
t o  follow t h i s  procedure during t h e  operations of 
t h e  National Severe Storms Project  because of 
changes i n  t h e  radar echo with time and t h e  d i f -  
f i c u l t y  of posi t ioning t h e  a i r c r a f t  i n  t h e  storm. 
The time o r  a l t i t u d e  survey may be influenced by 



posit ioning var ia t ions  and time differences fo r  
t he  a l t i t ude  survey. 

The r e s u l t s  showing the  var ia t ion  i n  the  
in t ens i ty  of turbulence with time f o r  one storm ( a t  
39,000 f e e t  a l t i t u d e )  a re  given i n  t h e  l e f t  s ide  of 
f igure  4. The in t ens i ty  of t he  turbulence i s  given 
by the  rms value p lo t ted  against  the  time from the 
start of the  f i r s t  t raverse .  Also shown i s  the  
cloud diameter. The f igure  shows t h a t  t he  cloud 
w a s  growing during two periods ( 0  t o  5 minutes and 
a t  approximately 30 minutes) during which time the  
in t ens i ty  of turbulence w a s  r e l a t ive ly  severe 
(U = 15 fps ) .  

The right-hand pa r t  of f igure  4 summarizes the  
in t ens i ty  of turbulence versus a l t i t ude .  This 
cloud survey w a s  made on approximately eas t  and 
west headings with each t raverse  being approximately 
20 t o  30 naut ica l  miles i n  length. For t h e  penetra- 
t i ons  made, t he  most severe turbulence occurred a t  
the  highest  a l t i t ude ,  40,000 f ee t ,  with r e l a t ive ly  
constant but l e s s  severe turbulence at the  lower 
a l t i t udes .  The rms values a re  9.73, 6.64, 6.14, 
and 6.48 f p s  f o r  t he  highest t o  the lowest alti- 
tudes, respectively.  The last t raverse  at the  
lowest a l t i t u d e  s t a r t e d  35 minutes a f t e r  the  begin- 
ning of t he  f i r s t  t raverse .  

The preceding samples ind ica te  t h a t  the  inten- 
s i t y  of turbulence va r i e s  considerably from storm 
t o  storm and even within d i f f e ren t  portions of a 
given storm. I n  general, it does not appear t h a t  
t he  p i l o t  can estimate such var ia t ions  i n  storm 
i n t e n s i t i e s  o r  control d i f f i c u l t i e s  p r io r  t o  
entering a storm area  without t he  assistance of 
radar surveil lance.  

Airplane Response Within Storms 

Now l e t  us consider some of t he  measured air- 
plane motions and t h e i r  implications i n  regard t o  
p i lo t ing  d i f f i c u l t y  or  passenger comfort i n  f l i g h t  
through storms. A quantity of pa r t i cu la r  i n t e r e s t  
t o  t he  airways t r a f f i c  cont ro l le r  i s  airplane 
v e r t i c a l  displacement o r  a l t i tude ;  f o r  passenger 
comfort, as wel l  as loads, t he  normal acceleration 
i s  of more concern. 
ments, pitch,  roll, and yaw, a re  given as an indi-  
ca t ion  of t h e  p i lo t ing  d i f f i c u l t i e s .  

The three  a t t i t u d e  displace- 

For t r a f f i c  cont ro l  purposes the  a l t i t u d e  
va r i a t ion  f r o m  t h e  assigned altitude i s  probably 
t h e  most important displacement t o  consider. Bands 
covering t h e  d i s t r ibu t ions  of t he  measured a l t i t ude  
deviations are shown i n  the  upper portion of f ig -  
ure 5 f o r  severa l  t raverses  through storm areas.  
The portion of time t h a t  a given deviation from the  
assigned a l t i t u d e  i s  exceeded i s  indicated.  This 
devia t ion  may be e i t h e r  above o r  below the  assigned 
a l t i t ude ,  although an examination of t he  a l t i t u d e  
time h i s t o r i e s  ind ica ted  t h a t  i n  t h e  majority of 
t h e  t raverses  t h e  T-33 a i rp lane  l o s t  a l t i t u d e  while 
t h e  F-106 a i rp lane  gained a l t i t ude .  

It is  noted f r o m  f i gu re  5 t h a t  t he  a i r c r a f t  
may be at l e a s t  500 f e e t  from the  assigned pressure 
a l t i t u d e  f rm about 5 t o  60 percent of t h e  time. 
(The p i l o t  w a s  ins t ruc ted  t o  correct f o r  o w  rela- 
t i v e l y  l a r g e  changes i n  a t t i t u d e .  The t e s t  air- 
planes were r e l a t i v e l y  r i g i d  with good s t a b i l i t y  
cha rac t e r i s t i c s . )  I n  one instance, t he  a i rp lane  
W a s  as much as 4,000 f e e t  from the  assigned alti- 
tude. The reason f o r  such l a rge  deviations i s  not 

known but t h i s  a i r c r a f t  consistently climbed during 
t h e  traverses and, i n  two cases, a l t i t ude  changes 
of several thousand f e e t  occurred. 

For comparison with these storm data, data from 
routine operations on t h e  a i r l i n e s  a re  included i n  
figure 5 .  It i s  apparent t h a t  f o r  routine a i r l i n e  
operations t h e  frequency of occurrence of 500-foot 
a l t i t ude  deviations i s  about 1/1,000 t o  1/10,000 as 
frequent as the  deviations i n  a thunderstorm. It 
is  in te res t ing  t o  note t h a t  t h i s  r a t i o  is roughly 
equal t o  the  percent of f l i g h t  distance i n  storm 
turbulence experienced by the  a i r l i n e s  ( r e f .  4 ) .  

I f  t he  da ta  from t h e  storm penetrations a re  
adjusted t o  account f o r  the  amount of c l ea r - a i r  
f l i g h t  time i n  routine a i r l i n e  operations, the  
agreement between a l t i t u d e  deviations f o r  thunder- 
storm f l i g h t s  and comerc ia l  operations i s  very 
good, as shown by the  lower shaded area  i n  f igure  5 .  

The next four f igures  show the  percent of time 
t h a t  given values of normal acceleration, p i tch  
a t t i tude ,  yaw a t t i tude ,  and roll a t t i t ude ,  respec- 
t ive ly ,  were exceeded by the  two t e s t  airplanes i n  
thunderstorms. The normal accelerations a re  pre- 
sented i n  f igure  6. This quantity i s  usually the  
major  f ac to r  influencing the  p i l o t ' s  o r  passenger's 
judgment of the  in t ens i ty  of t he  turbulence. Since 
t h e  accelerations depend on airspeed, weight, etc. ,  
it is  not possible t o  t r ans fe r  these accelerations 
d i r ec t ly  t o  another a i r c r a f t .  
c ra f t ,  an acceleration increment of O.5g would be 
exceeded between 0 . 1 t o  0.4 of the  time f o r  the  1 
t o  5 minutes involved i n  the  individual traverses.  
Relatively la rge  accelerations of l .5g  would be 
exceeded 0.001 of the  time on some of t h e  f l i g h t s .  
Transports do not in ten t iona l ly  f l y  through the  
type of turbulence represented here, except as an 
absolute necessity.  I n  t h i s  connection, VGH-type 
records show t h a t  i n  routine flights an accelera- 
t i o n  increment of about l.5g i s  experienced on the  
order of once i n  10,000,000 miles of f l i g h t  
( r e f .  5) .  One such experience probably occurred on 
May 6, 1963, when a Trans-Canada Air l ines  F l igh t  of 
a Vanguard airplane (as reported i n  the  newspapers) 
encountered 10 seconds of turbulence a t  21,000 f e e t  
a l t i t ude  over t he  Rocky Mountains. 
losses and v e r t i c a l  accelerations were reported. 

An examination of pitch, yaw, and roll angles 

For the  t e s t  air- 

Large a l t i t ude  

i n  figures 7, 8, and 9 ind ica tes  t h a t  p i tch  and yaw 
were about t he  same magnitude and frequency, with 
roll a t t i t u d e  being of l a rge r  magnitudes. For 
pitch and yaw, angles of 0.12 radian (approxi- 
mately 7 O )  were exceeded about 1 percent of t he  
time, as compared t o  0.2 radian (EO) f o r  r o l l  a t t i -  
tude. Although not shown i n  the  figure,  roll angles 
as large as 0.5 radian (about 300) were experienced 
upon occasion. I n  all the  t raverses  investigated, 
the airplane equipped with the  yaw and p i tch  dampers 
(supersonic airplane) experienced t h e  smaller roll 
angles of the  two t e s t  airplanes.  

A f i n a l  word of caution: These da t a  on air- 
plane response pe r t a in  t o  a t r a i n e r  and f i g h t e r  
type of a i r c r a f t  of t w o  rad ica l ly  d i f f e ren t  designs. 
The t r a i n e r  i s  a straight-wing subsonic a i r c r a f t  
and the  f i g h t e r  i s  a heavy delta-wing a i rp lane  
capable of supersonic speeds. 
be applied roughly t o  other a i r c r a f t  (e.g., l a rge  
bombers o r  t ranspor t )  i f  proper adjustment of the 
data i s  made f o r  the  differences i n  a i r c r a f t  
charac te r i s t ics .  

The motions can only 



Concluding Remarks 

The preceding discussion w a s  directed toward 
t h e  effect  of atmospheric turbulence, especial ly  
t h e  turbulence i n  severe storms, on air t r a f f i c  
control.  The measurements of turbulence within 
storms point out t h a t  t h e  i n t e r n a l  s t ruc ture  of 
thunderstorms may be i r r e g u l a r  and strongly cel-  
lular, o r  weak with no c e l l u l a r  development. Under 
these flight conditions, a l t i t u d e  var ia t ions  of at 
least 1,000 fee t  and r a t h e r  severe v e r t i c a l  accel- 
erat ions were recorded. For t h e  a i r c r a f t  flown, 
rol l  angles up t o  0.5 radian were experienced while 
t h e  yaw and pi tch were of s p a l l e r  magnitudes, being 
of t h e  order  of 0.1 t o  0.2 radian. 
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